The purpose of this letter is to show that a rotation of Hartree-Fock canonical orbitals which minimizes the lowest eigenvalues of a configuration interaction calculation limited to the mono-excited configurations from a given orbital allows one to construct a better starting guess for the geminal mean field configuration interaction method.
Introduction
In the electronic mean field configuration interaction (EMFCI) method [1] , group functions corresponding to a given group structure are optimised, with or without orthogonality constraint, to represent the lowest states of a given symmetry. The expression of an EMFCI wavefunction is not necessarily unique. For example, in the limit case where the group structure consists in an antisymmetrised product of one-electron functions, i.e. the Hartree-Fock (HF) case, it is well-known that any rotation (respectively unitary transformation) does not change (respectively, changes only the phase of) the HF wave function. Furthermore, if a restricted HF wave function, is considered as a Grassmann's exterior product of geminals:
with g i = ψ i ∧ ψ i , the ψ i 's being for example the canonical HF orbitals, then an even larger set of transformations leave the RHF wave function invariant while preserving a geminal product structure. As an example, it is well known that this wave function can be written as an "antisymmetrized geminal product" (AGP) of extreme type [2, 3] ,
where g = (n!)
The non-orthogonal geminal mean field configuration interaction (NO-GMFCI) method presented in Ref. [1] , which is the simplest case of EMFCI that preserves spin symmetry for a system containing an even number of electrons, if pushed to convergence (nonorthogonal geminal self-consistent field (NO-GSCF) method) with no basis set truncation, gives a ground state independent of the particular representation of the guess wave function. This is not the case for the excited states. This is not the case either, for the ground state, if the basis set of geminals used to represent the geminal mean field Hamiltonian is truncated. Such a truncation can be compulsory to deal with large systems.
Exploratory calculations have shown that the AGP form of the HF wave function, Eq.(2),
is not a good guess for a molecular system, as in general the convergence of a NOG-SCF calculation is slower than with the same HF wave function in canonical form, Eq.(1). It will not be investigated in the present work. Similarly, a random rotation of the canonical orbitals gives a HF wave function of form, Eq.(1), whose geminals have not proved useful as a guess for subsequent NO-GSCF calculations, in general. Other attempts to use the eigen geminals of the spin-adapted reduced 2-electron Hamiltonian [4] or some extremal electron pairs of Kutzelnigg et al. [5, 6] have proved unfruitful so far. Our aim in this letter is to demonstrate that the orbitals obtained by a rotation of the canonical HF orbitals which minimizes the energy of some specific, mono-excited states, can provide a better set of guess geminals than those constructed over canonical orbitals.
The letter is organized as follows: In the next section, we explain how we define "monoexcitation optimized HF orbitals" (MOHFOs). Then, in Section 3, we compare MOHFOs based geminals with canonical orbital based geminals on simple examples. Finally, we present the conclusions we have drawn from these examples.
Removing HF orbitals arbitrariness
An EMFCI calculation step consists essentially in a limited configuration interaction (CI) calculation, in the space spanned by the Grassmann product of a set of "active", . That is to say, the solution of an EMFCI step is obtained by the diagonalisation of a Hamiltonian matrix, H, whose elements are defined, in Dirac notation, by, ∀i, j ∈ {0, · · · , M },
where H also denotes the Hamiltonian operator in n-electron space. In a general EMFCI calculation, the numbers of electrons, n i , i ∈ {1, . . . , r}, of the r contracted functions in each Grassmann product have only to satisfy the constraint that their sum equal the total number of electrons in the system.
An unrestricted HF (UHF) calculation for an n-electron system can be seen as a particular case of EMFCI where at each step: r = n, n i = 1, ∀i ∈ {1, . . . , n}, the spectator, contracted functions are n − 1 occupied spin-orbitals, Ψ 0 i = ψ i , ∀i ∈ {2, . . . , n}, and the basis set of active, contracted functions span the orthogonal complement, Φ
Here, m is the number of spin-orbitals, and M = m−n. By iterating such a step with the active spin-orbital corresponding to the approximate ground state becoming spectator and a new, occupied spin-orbital becoming active, one can converge towards the UHF solution.
The stationarity of the ground state energy in this algorithm is clearly equivalent to the Brillouin condition [7] . This algorithm has the advantage that the approximate excited states obtained by diagonalisation of the Hamiltonian matrix,
. . , M }, have a physical relevance and define a set of virtual spin-orbitals, (a
such that in addition to Brillouin's theorem, the Hamiltonian matrix elements between the mono-excited configurations from ψ 1 towards these virtuals are zero.
In the case of a converged, RHF, 2n-electron wave function, a CI calculation in a basis set of the form
, (the ground state ψ 1 ∧ ψ 1 ∧ · · · ∧ ψ n ∧ ψ n is not coupled to this set by Brillouin's theorem and there is no need to add it), provides eigenfunctions,
and defines a set of virtual spin-orbitals, m−n j=1 a k j ψ n+j , such that in addition to Brillouin's theorem, the Hamiltonian matrix elements between the mono-excited configurations from ψ n towards these virtuals are zero.
However, the arbitrariness recalled in introduction remains for the choice of the occupied orbitals of a given symmetry. A natural way to remove this arbitrariness following a variational approach is to minimize the second lowest eigenvalue of the CI calculation in the
with respect to the rotation of the occupied orbitals R. Note that, in fact, this rotation can be restricted to the orbitals carrying a given irreducible representation in case of a non trivial spatial symmetry.
Then, one can minimize the next lowest eigenvalue, and so on, until the occupied orbitals rotation freedom is exhausted.
This approach is equivalent to the extended Hartree-Fock (EHF) method of Morokuma [8] , except that in our case, each CI calculation gives also a complete set of virtuals in one-to-one correspondance with the n-electron eigenfunctions of the CI matrix. However, one can first use Morokuma's method and then perform a CI with the optimized orbitals to obtain also the same final set of virtuals. This is, in fact, a practical way to proceed.
This way, not only one removes the arbitrariness in the HF orbitals and obtains what we call "mono-excitation optimized HF orbitals" (MOHFOs), but also one can exploit the one-to-one correspondance between virtual orbitals and eigenvalues of a bona fide nelectron CI matrix to select a reduced set of the former. In the next section, we compare canonical HF orbitals (CHFOs) with MOHFOs to construct guess geminals for the NO-GMFCI method.
Comparison of canonical versus mono-excitation optimised orbitals
Following the EMFCI line of thought and trying to improve the description of excited states, it is natural to use MOHFOs rather than CHFOs. Furthermore, it might be necessary to truncate the HF orbital basis set to deal with large systems and the energies of the mono-excited configurations associated with the virtuals can be used to discard those that are above a given threshold. However, we must ascertain the superiority of Now let us turn to the effect of optimising virtual orbitals. This can be analysed on a fixed system, (so that the variational freedom for the optimisation of the occupied is fixed), by varying the basis set. The system must be large enough to justify a truncation of the virtual orbital set before the NO-GSCF calculation, since we want to compare the effect of such a truncation with both orbital guesses. For this study, we have chosen the classical example of ozone. The low-lying singlet and triplet excited states of ozone have been the subject of numerous theoretical and experimental investigations [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19] to quote a few, because of the importance of this molecule in the upper athmosphere.
In this study, we will take as references the two most recent theoretical studies which are the only ones predicting the correct order of the lowest singlet energy levels of the Chappuis band [16, 17] . We focus attention on the 1 A 1 ground state and the two lowest singlet excited states of ozone. According to Table 5 of [16] , the next excited state in increasing order of energy is dominated by a diexcited configuration which corresponds to the excitation of HF orbitals pertaining to two different geminal groups. Therefore, it cannot be described properly within the GMFCI approach and would require a more general EMFCI calculation.
The The results are displayed in Table 2 for the triple zeta valence basis set plus polarization and Rydberg functions (pVTZ+Ryd) used in [16] , and for the augmented correlation consistent triple zeta valence basis set plus polarization (aug-cc-pvtz) used in [17] . The effect of the EHF optimization is important as seen from the comparison of the two LCI columns. In the "step0" columns we have performed GMFCI calculations taking successively as active the electron pairs occupying the highest energy geminals made of, respectively, a 1 and b 2 orbitals, to obtain the vertical excitation energies from the ground state to, respectively, the lowest 1 B 1 and 1 A 2 states. These calculations are "step 0" GMFCI because the spectator geminals are the guess geminals constructed either from MOHFOs or CHFOs. 1 [16] 2 [17] 
